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Abstract 

The minimal supersymmetric standard model, when extended to embed the seesaw 
mechanism, obtains two dimensionful parameters in its superpotential: the \i param- 
eter and the right-handed neutrino mass Mat. These mass parameters, belonging to 
the supersymmetric sector of the theory, pose serious naturalness problems as their 
scales are left completely undetermined. In fact, for correct phenomenology, \x must 
be stabilized at the electroweak scale while Mjv lies at an intermediate scale. In this 
work we construct an explicit model of the hidden sector of N = 1 supergravity for 
inducing both \x and Mjy at their right scales. The model we build utilizes lepton 
number conservation and continuous R invariance as two fundamental global symme- 
tries to forbid bare /i and Mn appearing in the superpotential, and induces them at 
phenomenologically desired scales via spontaneous breakdown of the global symmetries 
and the supergravity. We discuss briefly various phenomenological implications of the 
model. 
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1 Introduction 

Supergravity, once spontaneously broken at a scale M_ swsV , gives rise to a softly-broken 
globally supersymmetric theory at a scale jM Pl which corresponds to the mass scale 

of the gravitino, m 3 / 2 [2] (notice that M svs ^ differs from soft masses often denoted by 
^susy) ■ If the gravitino mass is at the weak scale, m 3 / 2 ~ (1 — 10)Mew, or equivalently, if 
supergravity is spontaneously broken at an intermediate scale ~ m 3 / 2 M P i, the gauge 

hierarchy problem is solved: The fact that supersymmetry is broken only softly guarantees 
that the electroweak scale is radiatively stable, that is, the ratio M E w/M P i ~ m 3 / 2 /M P i is 
immunized against quantum fluctuations. 

The most economic description of the observable sector is realized by the Minimal Su- 
persymmetric Standard Model (MSSM) which essentially corresponds to a direct supersym- 
metrization of the SM spectrum. One of the crucial aspects of the entire mechanism is the 
breakdown of local supersymmetry at an intermediate scale ~ m 3 / 2 M P [ which itself 

poses a new naturalness problem. The question of how such an intermediate scale has been 
formed can be answered only through a concrete modeling of the hidden sector. Just to 
give an idea, one can consider, for instance, dynamical supersymmetry breaking scenarios in 
which all energy scales in the infrared are generated from M Pi via dimensional transmuta- 
tion [3]. Right here one recalls that intermediate scales like are also necessitated by 
other phenomena not related to supersymmetry breaking. As an example, one can allude 



1 



to the Peccei-Quinn mechanism [6] which is devised to solve the strong CP problem. This 
mechanism is based on the presence of an intermediate scale M P q ~ 10 14 GeV. 

Another example, on which we are going to concentrate in this paper, is the famous 
seesaw mechanism [5] which explains the tiny but nonzero neutrino masses. The seesaw 
mechanism is based on the existence of ultra heavy right-handed neutrinos, N iy which are 
singlets of the SU(3)xSU(2)xU(l) symmetry of the standard model. Indeed, in spite of 
several alternative models [4], the seesaw mechanism is arguably the most popular way of 
explaining the tiny masses of neutrinos, partly because it provides an explanation for the 
baryon asymmetry of the universe through a mechanism called leptogenesis [7]. Successful 
leptogenesis requires masses of heavy right-handed neutrinos to be above ~ 10 9 GeV [8]. 

Obviously, low-energy phenomena do not necessitate any correlation among the mass 
scales Mc^sy , M PQ and M N . They show up as independent scales, needed to explain 
distinct phenomena. However, it would establish a strong case, besides superstrings, for 
the existence of a supersymmetric organizing principle operating at ultra high energies if 
they can be correlated within a specific model. Concerning this point, one here recalls [9] 
in which Mpq and have been correlated by using a hidden sector composite axion. 

The subject matter of the present work will be essentially to relate Af^ and M N) leaving 
aside M P q, within N = 1 supergravity. 

The superpotential of MSSM-RN is given by 

Wmssm-rn = I'll,,- II,, I .UvA'.V 

+ Y^-H u U c + Yjl d -QD c + Y e H d -LE c + Y v L-H u N c (1) 

where N c stands for the anti right-handed neutrino supermultiplet [5]. This model classically 
preserves the baryon number while R parity and SM gauge group are exact symmetries of 
the model even at the quantum level. 

The superpotential (1) involves two dimensionful parameters jj, and M^. These mass 
parameters are both nested in the superpotential, and thus, they bear no relation whatso- 
ever to the supersymmetry breaking sector of the theory. Therefore, they pose a serious 
naturalness problem in that MSSM offers no mechanism, dynamical or otherwise, to enable 
one to know characteristic scales of /i and Mjy. In fact, present neutrino data already require 
M N ~ (H u ) 2 Y 2 /m u > 10 l4 (Y u ) 2 GeV. On the other hand, LEP lower bound on chargino 
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mass [10] leads in a rather model independent way to a lower bound on the \i parameter: 
/x > 110 GeV [11]. On the other hand, to have a successful electroweak symmetry breaking 
/x has to be stabilized at the weak scale [12]. Consequently, the MSSM must be extended 
to provide a dynamical understanding of how and why /x and M N are stabilized to their 
phenomenologically favored scales. This is the naturalness problem we discuss in this work. 
Actually, part of the problem i.e. stabilization of the \x parameter at the TeV scale has al- 
ready been discussed in various contexts and various solutions have been devised [12]. What 
is left over is to understand the mechanism which stabilizes M N at an intermediate scale of 
~ 10 14 GeV. In what follows we will attack on both naturalness problems by constructing a 
hidden sector model which leads to a dynamical determination of /x and upon breakdown 
of certain global symmetries [13] and supergravity [14] . It will turn out to be a hybrid model 
in that we will utilize both Kahler potential and superpotential of the hidden sector fields 
such that induction of the /x parameter proceeds in a way similar to the Giudice-Masiero 
mechanism [14]. 

In Sec. 2, we will attempt to formulate a model of hidden sector dynamics which induces 
/x and Mn simultaneously, as a result of spontaneous local supersymmetry breaking. As will 
be seen, this can be accomplished by including logarithmic terms in the Kahler potential 
(which might be motivated by string theory [15]). In Sec. 3, we will provide a brief discus- 
sion of certain phenomenological implications of this model. In Sec. 4, we summarize our 
conclusions. 

2 The Model 

Any attempt at answering the question put forward in the introduction should first provide a 
way of forbidding bare /x and appearing in the superpotential. The fact that Wmssm-rn 
possesses additional continuous symmetries in the absence of /x and Mjy [13] implies that 
imposing global symmetries can protect Wmssm-rn against the bare /x and M N parame- 
ters. In particular, imposing a global continuous R invariance and restoring lepton number 
conservation forbid the bare /x and parameters, respectively. This can be achieved by 
introducing new fields appropriately charged under these symmetries. Realization of this 
setup requires at least two hidden sector chiral superfields z±, z 2 with charges R{z\) = 0, 
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R(z 2 ) = 2, L(zi) = 2 and L(z 2 ) = —2. The R charge of each lepton and quark superfield 
equals 1 and R(H U ) = R(H d ) = so that the superpotential (1) acquires two units of R 
charge. The complete superpotential can be decomposed as 



where 



W = W obs + W hld + W obs _ hld (2) 

W obs = Y U Q ■ H U U C + Y d H d ■ QD C + Y e H d ■ LE C + Y U L ■ H U N C 
W hid = M hid z 2 z x 

W obs . hld = \ Zl N c N c /2 (3) 

where, like Mjv, A is a matrix in the space of right-handed neutrino flavors. This superpo- 
tential respects a global U(l)R_ sym ®U(l)L ep ton invariance in addition to the baryon number 
conservation and the MSSM gauge symmetries. 

The supergravity Lagrangian is based on the Kahler potential [2] 

2 



Q($, f ) = K($, + M 2 Pl In 



w{4>) 



M 3 Pl 



(4) 



where = (zi\ H u , H d , • • • , iV c ) collectively denotes the chiral superfields in the hidden and 
observable sectors of the theory. The kinetic terms of the superfields are collected in K((j), ft). 
The part of the scalar potential induced by F-terms is given by 

V F (d>) = ^D.WDrW* - (5) 

where 

dW W OK 

= w + W l W (6) 

and g ab * is the Kahler metric: 

9ah * ~ WW b ' { ) 

In addition to Vf, there are contributions from D-terms as well. However, D-terms do 
not contribute to supersymmetry breaking since, in our model, none of the hidden sector 
superfields exhibits a gauge invariance. 
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Similarly to W, we decompose kinetic terms of the superfields as 



K bs 

Khid 

K-obs—hid 



= HiH u + W d H d + --- + N c ^N c 
= z\z x + z\z 2 + C ± M 2 Pl log + C 2 M 2 Pl log * 2 2 



M Pl 



— ^- (\iz\z! + \ 2 z\z 2 \ H u - H d + h.c. 
M pl 



(8) 



where K Q b s -hid is similar to the operator used in the Giudice-Masiero mechanism [14] which 
solves the naturalness problem associated with the \x parameter*. The logarithmic terms in 
K^d, which might be inspired from strings [15], do not change the Kahler metric and are 
included to achieve a sensible vacuum configuration in the hidden sector^. The dimensionless 
couplings C\ and C 2 are determined from the minimization of (5) and demanding zero (or 
very small) cosmological constant. 

The scalar potential of the hidden sector fields (5) takes the form 



V F (z 1 ,z 2 ) = M^exp 



N + F2 



M Pl 



\Zl\ 

M Pl 



21 Ci " 



\Z2\ 

M Pl 



c 2 



X 



Zl 



1 + C 2 + 



\Z2\ 

M 2 Pl , 



+ \z 2 \ 2 1 + Ci + 



Zl 



M 2 Pl , 



■^In principle, the Kahler potential can include higher order terms such as 
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\zi\ 2 \z 2 \ 
M 2 Pl 



(9) 



AK 



bs — hid 



y 

t-^ (m\n\) 

n,n>l y ' 



IT7.H2 



Mpi 



z\z2 

Ml, 



H u ■ H d 



where j3 mn are dimensionless constants. In our analysis, we restrict ourselves to the minimal case and neglect 
such higher order effects noticing that they do not alter the scale of observable sector parameters e.g. the fi 
parameter and Higgs bilinear term to be derived in this section. 

§ In general, quantum gravitational interactions do not respect global symmetries [16], and thus, Kahler 
potential above can receive corrections of the form 



AK, 



hid 



E 



dmnpq (^l)" 1 z l '{^Y ' z 2 



M rn+n+ P+q -2 
m,n,p,q>2 fl 



m\n\p\q\ 



where a mnpq are dimensionless constants. Recalling the fact that global symmetry breaking effects get 
strongly suppressed if gravity is modified near the Planckian scale [17], throughout this work we neglect such 
terms. 
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where zi t2 stand for the scalar components of zi t2 , respectively. (In what follows, we will 
denote their fermionic partners by ip Zl}2 -) Clearly V F diverges as |zi|, \z 2 \ — > oo. Moreover, 
when Ci, C2 < and C\ + C 2 < — 1 potential is not minimized for vanishing z\ and z 2 . For 
determining the vacuum configuration, we should solve 

dV F n dV F 



d\zA 



0, 



d\z 2 \ 



0, V F ( Zl ,z 2 ) = 



(10) 



where the first two determine the extremum of the potential whereas the third is needed for 
nullifying the cosmological constant. These conditions lead to the constraints 

3 



1 + C 2 



^2 



M Pl 



1 + Ci 



M Pl 



l(^i)| 2 + l^) 



-M 



pi 



(11) 



where F components of z lj2 also develop VEVs 

K*i> I 2 



(F Z1 ) 
(F Z2 ) 



■ cxp 



K 



M Pl 



2M Pl 

K 
2Ml l 



M Pl M hld 
M Pl M hid . 



(12) 



The vacuum configuration is symmetric under simultaneous (Ci <-> C2) and (|(^i)| <-> 
I (^2)!) exchanges. Clearly, C\ and C 2 have to add up to —5/4. The vanishing of the cosmolog- 
ical constant puts stringent constraints on the allowed ranges of C\ and C 2 . Indeed, in order 
to have a nontrivial vacuum with (-21,2), (F zljZ2 ) 7^ and with vanishing energy, one needs 
— 1 < C 2 < —1/4. (Notice that if we set V F nonzero but equal to an exceedingly small value 
corresponding to the observed cosmological constant, C±, C 2 and (-21,2) get modified only 
slightly, leaving the overall argument similar to the case V F = 0.) As an explicit example, let 
us consider the case (C U C 2 ) = (-5/8,-5/8) which gives rise to \(zj)\ = \{z%)\ = (3/8)M Pl 
at which V(z 1 ,z 2 ) = as desired, and the matrix M i:j = d 2 V F (z 1 , z 2 ) /d\zi\ 2 d\zj\ 2 acquires 
positive eigenvalues (5.41,5.41), guaranteeing thus the minimization of the potential. (Ob- 
viously, there is nothing special about these numerical values we assign to C\ and C 2 ; 
they are picked up just for a fast analysis of the potential landscape.) Another example 
is (Ci,C 2 ) = (-75/76,-5/19) which yields \(zj}\ = 0.013MJ,, and \(z 2 }\ = 0.737M|, at 
which V(z 1 ,z 2 ) = as desired, and My develops positive eigenvalues (242.71,4.34). These 
case studies illustrate the behavior of the potential landscape as a function of C\ and C 2 . 
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We can rewrite the F-terms in (12) as 

(F Z1 ) = 2e 3 / 8 (l + C 1 ) 1+ ^(l + C 2 )^ 2 x(4)xM^ 

(F Z2 ) = 2e 3 / 8 (l + C 1 )^(l + C 2 ) 1+ ^x(z*)xM* hld (13) 

which are 0{M hid M Pi ). Indeed, for (C 1 ,C 2 ) = (-5/8,-5/8) it turns out that \(F Z1 )\ = 
\(F Z2 )\ « 1.25M hid M Pl , and for (d,C 2 ) = (-75/76, -5/19) it is that |(F 2l )| « 0.30M Wd M P , 
and |(F Z2 )| « 2.16M hid M P i. In the latter, |(F Zl )| is smaller than |(F Z2 )| by an order of 
magnitude due to relative smallness of \{zf)\. The gravitino mass obeys the relation 

m 2 3/2 = M Pl e^ = e^(l + C^{\ + C 2 )^Ml d (14) 

which yields m 3 / 2 ~ Mh id . Indeed, it gives m 3 / 2 = Mh id for (Ci,C 2 ) = (—5/8,-5/8), and 
^3/2 ~ 1-26M^ for (Ci,C2) = (—75/76,-5/19). Consequently, the mass parameter Mud 
in corresponds to the gravitino mass. In other words, M^ id ~ m 3 / 2 in the superpo- 

tential and the fundamental scale of gravity M P \ combine to break supersymmetry at the 
intermediate scale ~ Mh id M P i as suggested by the sizes of the associated F-terms 

(13). 

The spontaneous breakdown of local supersymmetry induces soft breakdown of global 
supersymmetry in the observable sector (presumably with additional hidden sector fields 
different from % which facilitate induction of fi and Mn in the present model) such that 
each of the scalar fields acquires a mass-squared ~ r n 3 / 2 an d each Yukawa interaction in 
W b s gives rise to a triscalar coupling ~ m 3 / 2 [2]. 

Concerning the parameters pertaining to the right-handed neutrino sector, from Eq. (3), 
one finds that the right-handed neutrinos acquire a mass term in the superpotential 

-^N^N^ where M N = X'{z 1 ) (15) 

and 

A' = e^A = e>l\\ + d) Cl / 2 (l + C 2 f^ 2 \ (16) 

in accord with the fact that, in supergravity framework, observable Yukawa couplings are 
related to the bare ones in the superpotential via Kahler dressing. Moreover, scalar right- 
handed neutrinos acquire the bilinear coupling 

—N C N C where B N = \'(F Z1 ). (17) 
2 
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In terms of A', M N « 0M\'M Pl and B N « 1.25\'M hid M Pl for (d, C 2 ) = (-5/8, -5/8), and 
M^v « O.llA'Mp, and 5^ ~ 0.30A'M W(i Mp, for (C U C 2 ) = (-75/76,-5/19). The model, in 
general, predicts 

B N M N l = 2m 3 / 2 (18) 

from which it follows that B N falls in a range that is too large for "soft leptogenesis" to be 
effective [18]. On the other hand, B N is too small for inducing significant radiative effects 
[19]. These numerical estimates are intended for consistency check of the model. 
The seesaw-induced neutrino masses are given by [5] 

m v = Y' T u M N l Y' v (H u ) 2 . (19) 

K 
2 — 

where again Y v = e 2M p'Y u . One finds that in order to have m v ~ 0.05 eV, for |Y„'| <1, the 
right-handed neutrino masses must satisfy M N < 10 15 GeV. This implies that (0.1 — 1)A' < 
10~ 3 or A' < 10~ 2 (0.1 -1). For the neutrino Yukawa matrix Y' v ~ (9(1), M N reaches 10 15 GeV 
level and hence A' takes its maximal value. 

With the minimal form of the Kahler potential given in (8), the effective fx parameter of 
the MSSM is generated to be 

= 2 Mh *f;^h «^ (Ai|(^i)| 2 + A 2 |(, 2 )| 2 ) c M hld (20) 
ivi pl 

which lies at the desired scale. This solution for naturalness of the scale of the \x parameter^ 
is similar to the one proposed in [14]. The corresponding soft supersymmetry breaking Higgs 
bilinear mass-squared parameter reads as 

Bh = ^(Ai|(F 2l )| 2 + A 2 |(F 22 )| 2 ) 

^It might be instructive to contrast the model advocated here with low-scale MSSM extensions (by 
which we mean (i) the NMSSM which extends the MSSM with a chiral singlet superfield by forbidding a 
bare /i in the superpotcntial with a Z3 symmetry, and (ii) the U(l)' models which extend the MSSM by 
both a chiral singlet and an additional Abelian invariance) which also solve the fi problem in a dynamical 
fashion. The NMSSM suffers from the cosmological domain wall problem, and U(l)' models spoil gauge 
coupling unification unless one introduces a number of exotic or family non- universal charge assignments. 
The present model is devoid of such problems as it utilizes global continuous symmetries operating at high 
scale. 
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= ^ (Ai|(2i)| 2 + X 2 \(z 2 )f) K A/L (21) 

which is again at the right scale for keeping the MSSM Higgs sector sufficiently light. 

The main implication of the model at hand is that \i parameter of the MSSM and right- 
handed neutrino masses are correlated with each other. It might be instructive to illustrate 
this correlation explicitly, and this is done in Fig. 1 by plotting \i and m 3 / 2 as functions 
of M N for given values of A', Ai and A 2 . We take A' ~ 1CT 4 so that for any value of M N , 
(zi)[— (A') _1 Mjv] and in turn (z 2 ) [see Eq. (11)] can be calculated . Then, as suggested 
by the figure, for M hid = 0.5 TeV the \x parameter exhibits a strong dependence on M N 
depending on the values of Ai and A 2 . Indeed, as can be confirmed by using (20), the \x 
parameter remains around a TeV for Ai = A 2 = 1 whereas it swings between the unphysical 
value zero and the desired value TeV when either Ai or A 2 vanishes. The reason is that /i 
vanishes at zero (zi). In conclusion, the model offers a manifest correlation between \i and 
M N , and ji gets properly stabilized to lie at a TeV when both Ai and A 2 are nonvanishing. 

For a detailed analysis of constraints on the model discussed in this section, it is necessary 
to confront it with the available laboratory, astrophysical and cosmological experimental 
data. In the next section we will provide a brief tour of the implications of the present 
model for a number of observables. 



3 Phenomenological Implications 

In this section we briefly discuss some phenomenologically interesting aspects of the model. 
The following remarks are in order: 

• First of all, nonzero (z\) and (z 2 ) lead to a spontaneous breakdown of the lepton 
number conservation and R invariance in the hidden sector. The spontaneous lepton 
number breaking releases a massless Goldstone boson, the Majoron J: 

Zl = (| ( Zl ) | +0i) x exp* ^Arg [<*!>] + j-^yi) ( 22 ) 

where the real scalar fields 0i and J denote fluctuations about the vacuum state. In the 
flavor basis, the Majoron couples to right-handed neutrinos via \JN T CN; however, it 
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Figure 1: Variations of fi and m 3/ / 2 with Mjv for different values of the model parameters. We have 

set A' = 10 M^ eV and M hid = 500 GeV. The solid and dotted lines show fi for (Ai = 1, A 2 = 0) and 
(Ai = 0, A 2 = 1), respectively. The curve depicted with crosses shows fx for (Ai = A 2 = 1). The 
dashed line stands for 7713/2- 
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does not couple to the left-handed active neutrinos. This means that in the mass basis, 
the light active neutrinos couple to the Majoron with an exceedingly small strength 
~ \Y^{H U ) 2 /Mff. This coupling is too small to have any significance [20]. 

In this model, due to the spontaneous breakdown of i?-symmetry there is an additional 
Goldstone boson, J', 



where we have used a parametrization similar to (22). The coupling of J' to the SM 
particles is determined by the Kahler potential and is suppressed by uisusy/Mpi ~ 
1CT 15 — 1CT 16 which is again too small to have any phenomenological consequences. 

In the supersymmetric Majoron model infamous smajoron problem arises. In the 
following, we contrast the present model with supersymmetric Majoron model and 
compare status of smajoron problem in two scenarios. In the singlet Majoron model 
[21] there exists a new superfield S which carries 2 units of lepton number and couples to 
the right-handed neutrinos via W\ = SN C N C . In similarity with the model proposed in 
this work, the right-handed neutrinos acquire masses through the VEV of S. However, 
in this singlet Majoron model the mechanism responsible for nonvanishing VEVs is 
different from the one in our model: To develop VEVs additional superfields S' and 
A, with respective lepton numbers equal to -2 and 0, are introduced such that they 
interact through the superpotential W 2 = A(SS' — M 2 ). It can be shown that (A) = 
while (S), (S') ^ 0. Since (A) = 0, one out of three linear combinations of the fermionic 
components of A, S and S' is massless, and can be interpreted as Goldstino. However, 
in the present model, the mass matrix of ip Zl and ip Z2 (the fermionic components of Z\ 
and z 2 ) is equal to 



and does not possess any vanishing eigenvalue. Namely, massless Majoron does not 
have any fermionic counterpart. This difference between the two models is not sur- 
prising at all since in the singlet Majoron model, supersymmetry is preserved [21] 




(23) 




(24) 
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({Fs) = (F s >) = (Fa) = 0) and a massless bosonic particle has to have a fermionic 
partner whereas in our model supersymmetry is broken ((F Zl ), (F Z2 ) ^ 0). 

• Notice that spontaneous breakdowns of lepton number conservation and R invariance 
in the hidden sector reflect themselves as explicit breaking in the observable sector. 
Indeed, as is clear from W b s -hid, (zi) 7^ leads to explicit lepton number breaking 
via the induced right-handed neutrino mass. On the other hand, (F Zl2 ) ^ lead to 
spontaneous breakdown of supergravity whereby inducing explicit soft-breaking terms 
[13]. These soft terms lead to explicit breaking of R invariance down to its Z 2 subgroup, 
the i?-parity, which is an exact discrete symmetry of the observable sector. Indeed, 
(F Zl ), for instance, induces a neutrino B-term which explicitly breaks the R invariance 
but conserves the R parity. As a result, the model accommodates a natural candidate 
for cold dark matter which is the famous lightest supersymmetric particle. 

• In the present model, and ip Zi {i = 1,2) acquire masses of order of m 3 / 2 . On the 
other hand, their couplings to MSSM spectrum are rather weak. Therefore, their decay 
rates are expected to be suppressed. For instance, their decay into Higgs fields occur 
with a rate 



which is suppressed by the small ratio ~ 10 . The smallness of Zi decay 

rates into SM species is rather generic. 

At first sight, it may seem that this low but nonzero decay rate may be problematic 
for the big bang nucleosynthesis, especially in the face of the fact that at temperatures 
higher than M N these particles can be produced via NN — > zz at a rate not suppressed 
by Mpi. Fortunately, a simple estimate shows that initial abundance of these particles 
cannot take too high values: 




(25) 





(26) 
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According to Fig. 3 of [25], the late decay of such particles cannot destroy the results 
of big bang nucleosynthesis. 



It might be instructive to analyze under what conditions one can make (z\) and (z 2 ) 
hierarchically split so that Mn ~ 10 15 GeV arises with A' ~ 0{1). This can be achieved 
with a sufficiently small 1 + C\. Setting C\ = — 1 + e 2 with e 2 < 1 , Eq. (11) implies 

(zi) ~ eM Pl , (F Zl ) ~ eM Pl M hld 

(z 2 )~M Pl , (F Z2 ) ~ M Pl M hid (27) 

which make it manifest that, for a sufficiently small e, (zi) and (F Zl ) can be substan- 
tially smaller than, respectively, (z 2 ) and (F Z2 ). In fact, the VEVs in (27) suggest 
that 

M N = \'{z 1 )~e\ , M Pl , B N = \'{F Zl ) ~ X'eM P iM hid (28) 

both of which involve eM Pi rather than M Pi itself. This e dependence, however, is not 
present in the Higgs sector 



and m 3 / 2 ~ Af^^ still holds. Finally, one notes that Zi and their fermionic counterparts 
weigh now M^/e rather than M/^. Taking e ~ 10 -3 , the existing neutrino data can 
be explained with A' ~ 1. 

• Let us analyze the Higgs sector in more detail. Note that, without loss of generality, 
we can absorb the phase of M hid by rephasing Therefore, hereon we are going to 
assume that M hid is real. First consider the phase of the \i parameter. From (21) and 
(20) it follows that the relative phase between /j, and B H is determined solely by the 
total phase of (zi){z 2 ). More explicitly, 



Arg 



B 



H 



Arg [<*!>]+ Arg [<* 2 >] (30) 



as follows from (22) and (23). This is a physical basis-independent phase that cannot 
be rotated away by redefinition of the relative phase between H u and H d . In the context 
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of both constrained [24] and unconstrained [26] MSSM, the present bounds on electric 
dipole moments imply that Arg [(21) (22)] cannot exceed a few percent. Therefore, the 
VEVs (z±) and (z 2 ) must be nearly back-to-back in the vacuum of the theory. 

The structure of the model entails certain correlations among certain parameters which 
would bear no correlation in the MSSM, constrained or otherwise. An interesting case 
concerns the phase of the \i parameter. To see this, consider the Dirac coupling of 
sneutrinos in the soft-breaking sector: 

C 3 a Yll ■ Hjf c + h.c. (31) 

which respects both the lepton number and i?-parity. Here ao is the universal trilinear 
coupling, as appropriate for the constrained MSSM. It can be shown that at two-loop 
level this operator induces a bilinear interaction between z\ and z 2 as follows 

C 3 clM hld z lZ2 + h.c. (32) 

where 

\' T Y'*Y' T X'* 

c* = (an 0(1) real number) x a 777; 9 ^ 9 (33) 

which is a small perturbation in size. However, an interaction of the form (32) leads to 
direct alignment of (z±) (z 2 ) towards c z for scalar potential (in terms of H®, H%, u l L , N c i) 
to possess a local minimum. Therefore, the phase of \x (i.e. Arg [{zi) (z 2 )]) relaxes to 
that of c z and hence to the phase of a according to (33). (Note that the combination 
\' T Yl*Yl T X'* / (IQtc 2 ) 2 is real.) Consequently, the phase of /i gets traded for that of 
the trilinear couplings, and as a by-product of this correlation, in future if a nonzero 
d e is measured, within this model, we can extract the phase of \i which corresponds to 
the phase of a and then, in principle, we can predict the values dn g and d n and test 
these predictions in the laboratory experiments [27]. 

Having discussed the CP-odd phase of the ji parameter, we now analyze the role of 
the B H parameter in some depth. In general, \i parameter can be determined by 
measuring masses and mixing angles of the charginos and neutralinos. On the other 
hand by studying the mass and decay modes of the CP-odd Higgs boson, A , we can 
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derive the value of B H [28]. Therefore, the ratio \B H / ji\ can be measured in a rather 
model-independent way. It is straightforward to show that 



2M hid < \B H //i\ = 2m 3 / 2 < 2.6M hid 



(34) 



in the present model. Since interactions of gravitino are suppressed by Mp X , it cannot, 
in practice, be detected at colliders. However, gravitino mass affects cosmological 
observations, opening a window for testing this relation. Indeed, from the relation 



we expect \B H /ji\ ~ |/x|/tan/3 which means that at large tan/3, there is a "little 
hierarchy" among the parameters of the model. Within our model this implies that 
gravitino, rather than the lightest neutralino, with mass ~ tan/3, might be the 
lightest supersymmetric particle and hence a candidate for cold dark matter (see, for 
instance, [29] for gravitino dark matter in constrained MSSM). 

The discussions above provide a brief summary of the implications of the model con- 
structed in Sec. 2. For a proper description of the phenomenology of this model, it is 
necessary to perform a detailed analysis of various quantities of phenomeno logical interest. 

4 Conclusion 

In this work we have constructed a hidden sector model, within N — 1 supergravity, for gen- 
erating, upon supergravity breakdown, the \i parameter of the MSSM and the right-handed 
neutrino mass Mjv at their right scales. The model utilizes global lepton number conserva- 
tion and R invariance to forbid bare /i and parameters appearing in the superpotential. 
Moreover, the model employs a non-minimal Kahler potential exhibiting logarithmic depen- 
dencies on the hidden sector fields. The origin of these non-minimal contributions are left 
unexplained, yet string compactification has been an inspiring source. We have determined 
parameter regions where M N and ji come out to lie at their right scales, and found that 
the VEVs of the hidden sector fields can exhibit a hierarchical splitting so as to reduce un- 
natural tunings of the superpotential parameters. As footnoted in the text, the model at 




9 ^ ^7 

? Hd = B H timl3--^ 



cos 2(3 



(35) 
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hand neither suffers from domain wall problem, nor exhibits any tension with gauge coupling 
unification as encountered, respectively, in NMSSM and U(l)' models. 

We have confronted the model put forward with a number of observables, and identified 
distinctive features and ways of evading the existing bounds from various sources. The model 
predicts \B H //i\ = 2m 3 / 2 which means, for a large part of parameter space, the gravitino is 
the lightest supersymmetric particle and thus a candidate for dark matter. Consequently, the 
mechanism advocated in this work possesses potential implications for various observables, 
a global analysis of which is yet to be performed. 
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